The development of novel transformation vectors is essential to the improvement of plant transformation technologies. Here, we report the construction and testing of a new multifunctional dual binary vector system, pCLEAN, for Agrobacterium-mediated plant 
INTRODUCTION
Plant transformation technologies are fundamental to state-of-the-art plant molecular genetics and GM crop improvement (Vain, 2006) . Over the past 30 years, the development of novel transformation vectors has been seminal to many breakthroughs in plant transgenesis (see Vain, 2007 for a review). In the 1980s, the engineering of Agrobacterium tumefaciens Ti plasmids -namely the removal of oncogenes and the use of chimerical gene(s) -led to the production of the first fertile transgenic plants (Zambryski et al., 1983) and the development of binary vectors for plant transformation (Hoekema et al., 1983 , Bevan et al., 1984 . Additional types of vectors were developed for direct transfer of DNA into the plant nuclear genome (Paszkowski et al., 1984) and later on into the plastome (Svab et al., 1990 ). Vector development is particularly important for Agrobacterium-based technologies as binary vectors must comply with, and best exploit, the natural mechanisms and interactions between Agrobacterium and plant cells (Gelvin, 2003) . In recent years, the further understanding of T-DNA integration into the plant nuclear genome, combined with an increasing demand for precise and efficient transformation technologies, has created a new opportunity to develop plant transformation vectors with improved characteristics.
Since the 1980s, binary vectors for Agrobacterium-mediated transformation have been optimised to contain a wide range of selectable marker and reporter genes (Rogers et al., 1987; Becker et al., 1992; Jones et al., 1992; McCormac et al., 1997) , as well as incorporating features facilitating their engineering (Kanini et al., 2002) or multiplication in both E. coli and Agrobacterium species (see Hellens and Mullineaux, 2000 for a review).
Vectors have been engineered to improve stable or transient transformation efficiency with the addition of vir genes (Hiei et al., 1994; Vain et al., 2004) , suppressors of gene silencing (Hellens et al., 2005) or overdrive sequences near the border sequences (Podevin et al., 2006) . Vectors aiming at the transformation of particular plant species, such as cereal crops (Hiei et al., 1994; Wang et al. 1998) , have also been designed. Binary vectors with small TDNAs (Düring, 1994; Barrell and Connor, 2006) , tandem border repeats (Kuraya et al., 2004; Podevin et al., 2006) or containing only plant-derived DNA (Rommens et al., 2004) have also been engineered to minimise the insertion of unwanted DNA sequences into the plant genome. Finally, many vector series were produced for specialised uses such as RNA silencing (Wesley et al., 2001) , over-expression of heterologous genes (Gleave, 1992) , functional genomics (see Walden, 2002 for a review), co-transformation of multiple transgenes (Goderis et al., 2002; Tzfira et al., 2005) , transfer of large DNA fragments (Simoens et al., 1986; Hamilton et al., 1996) or the production of marker-free plants (Dale and Ow, 1990; Sugita et al., 2000) . More recently, binary vectors enabling and/or exploiting the delivery of multiple DNA fragments at linked or unlinked locations in the plant nuclear 6 genome have been developed. Such binary vectors permit the delivery of multiple T-DNAs from a single binary (Komari et al., 1996 , Xing et al., 2000 or two binary (Miller et al., 2002 , Vain et al., 2003 vectors and have been successfully used to produce plants free of selectable marker genes in a range of species. Alternatively, single binary vectors containing transgenes in both the T-DNA and the backbone have been used for maize transformation (Huang et al., 2004) . In this later system, the recovery of transgenic plants is assured by cotransformation of the T-DNA and backbone components. Progeny plants free of selectable marker genes can also be recovered when co-transformation occurs at unlinked genomic locations. It would be beneficial if many of the principles successfully trialled and tested in these vector series could be combined into a single vector system to facilitate the further development of controlled and efficient transformation technologies.
Here we describe the development and evaluation of a dual binary vector system named pCLEAN based on the pGreen/pSoup system. The pCLEAN-G/pCLEAN-S vectors can be mixed and matched with existing pGreen/pSoup plasmids in a single Agrobacterium.
pCLEAN vectors enable the delivery of multiple transgenes from two distinct T-DNAs and/or backbone sequences while minimising the insertion of superfluous DNA sequences into the plant nuclear genome. The efficiency of the different pCLEAN vectors has been assessed using transient and stable transformation assays in Nicotiana benthamiana and/or Oryza sativa.
RESULTS AND DISCUSSION

Overview of the pCLEAN vector system
The pCLEAN vectors have been developed from the dual binary system pGreen/pSoup, which enables the co-existence of two binary vectors within a single Agrobacterium. The pCLEAN-G plasmids have a pGreen-type backbone structure (including a bacterial kanamycin resistance gene) and therefore can be used as a pGreen-like vector. The pCLEAN-S vectors contain a pSoup-type backbone configuration (including a bacterial tetracycline resistance gene) and consequently can be utilized as a pSoup-like vector.
However, the backbone of pCLEAN vectors generally contains additional genes or altered sequences outside the border repeats of the T-DNA. The pCLEAN-G and pCLEAN-S vectors are stable both in Escherichia coli and A. tumefaciens and can be maintained individually in E. coli. In Agrobacterium the pCLEAN-G plasmids cannot replicate on their own and require the presence of a pCLEAN-S plasmid (or any other pSoup-based vector) to provide the replication function in trans as described previously for the pGreen/pSoup dual binary system (Hellens et al., 2000) . pCLEAN, pGreen and pSoup vectors can be mixed and matched in a 7 single Agrobacterium as follows: (i) pCLEAN-G and pSoup, (ii) pGreen and pCLEAN-S or (iii) pCLEAN-G and pCLEAN-S vectors.
Eight different types of T-DNA regions have been constructed for the pCLEAN system and are detailed in Fig. 1 . These regions are referred to as no. 1 to 8 depending upon the type of inner T-DNA, the sequence of the left border (LB), the presence of an additional virulence gene (vir) outside the right border (RB) as well as the presence of unique restriction enzyme recognition sites within and outside the T-DNA. T-DNA regions no.1 to 6 and no. 7 to 8 are corresponding to pCLEAN-G and pCLEAN-S vectors, respectively. The complete sequences of all basic pCLEAN vectors can be obtained from GenBank ( Fig. 1 and 2) .
The pCLEAN-G vectors are derived from a modified pGreen vector, named pGreenII0000 that exhibits improved plasmid stability when multiplied in bacteria. The pCLEAN-S vectors are based on the pSoup vector (Hellens et al., 2000) . The smallest generic pCLEAN plasmids ready for accepting DNA fragments to be transferred into the plant nuclear genome are pCLEAN-G121 (2638 nt), pCLEAN-G126 (2645 nt) and pCLEAN-G181 (2718 nt) containing T-DNA regions no. 3, 4 and 5, respectively, as well as pCLEAN-S161 (9406 nt) harbouring T-DNA region no. 7 (Fig. 1A) . The 52-nt long multiple cloning site (MCS) found in T-DNA regions no. 3 to 8 consists generally of the unique restriction sites NotI, PacI, SfiI, BsiWI, ApaI, XhoI and SalI (Fig. 1) . Unique restriction sites have also been engineered directly outside the LB sequence (e.g., PmeI, SnaBI and/or BglII in T-DNA regions no. 2 to 6; (Slightom et al., 1985) and in particular, when compared to border repeats of the nopaline vector pTiT37. The LB sequence in the T-DNA regions no.2 and 4 to 8 (i.e. in vectors pCLEAN-G126, -G130, -G132, -G146, -S161 and -S167 as well as their derivatives pCLEAN-G152, -G154, -G156, -S166; Fig. 2 ) has been modified to match this consensus sequence (Fig. 1B) . The suboptimal LB sequence was also used in several pCLEAN vectors (T-DNA regions no. 1 and 3: pCLEAN-G90, -G115, -G121, -G129, -G131, -G144, -G147, and -G155; S1 ). In these assays, it was again observed that, as mentioned above, T-DNAs containing a transgene are less prone to backbone transfer than empty T-DNAs.
Overall, backbone transfer can be reduced with pCLEAN vectors by using a double LB strategy. Inserting a vital reporter gene such as GFP into the plasmid backbone sequence is also a very efficient way to rapidly counter-screen transformation events containing backbone sequences. The alteration of the LB sequence itself or the position of the reporter gene within the vector backbone did not lead to significant improvements.
Reducing superfluous T-DNA sequences, delivery of multiple T-DNAs and use of additional virulence genes with the pCLEAN series
The pCLEAN vectors have been designed to minimize the introduction of superfluous DNA sequences into the plant nuclear genome with a particular emphasis on avoiding the 10 insertion of unnecessary inner T-DNA sequences and facilitating the elimination of selectable marker genes. Most of the pCLEAN vectors (i.e. pCLEAN-G121, -G126, -G129 to -G132, -G181, -G182, -G185, -S161, -S167 and their derivatives; Agroinfiltration of N. benthamiana leaves demonstrated that the minimal T-DNA containing the GUS gene allowed high levels of GUS activity (Fig. 3, pCLEAN-G156 ), which is comparable to transient GUS expression derived from the GUS gene located in the large pGreen-T-DNA (Fig. 3, pCLEAN-G154 (Cluster et al., 1996 , Vain et al., 2003 , Afolabi et al., 2004 . This 'onestrain and two-binary vector' approach is an attractive strategy to produce plants free of selectable marker genes as it circumvents limitations linked to the construction of vectors containing multiple T-DNAs and/or mixing of Agrobacterium strains using a 'two-strain and two-binary' strategy.
In earlier studies (Vain et al., 2004) , the addition of the wild-type virG gene (virGwt) in the vector backbone sequence nearly doubled the overall performance of the pGreen/pSoup vector system when considering transformation frequency, absence of backbone sequence integration and expression of unselected transgenes. Therefore, some pCLEAN vectors were constructed (i.e. pCLEAN-G185 and pCLEAN-S167; Fig. 2A ) that contain the wild-type virG gene outside the RB/overdrive sequence in the vector backbone sequence with the aim to improve transformation efficiency.
Making use of vector backbone transfer
pCLEAN constructs have also been designed to exploit vector backbone transfer to produce marker-free transgenic plants. This strategy relies on the ability of Agrobacterium to frequently deliver a range of DNA fragments (i.e. T-DNA alone or T-DNA along with vector backbone sequence) at linked or unlinked locations in the plant nuclear genome. This enables selectable marker genes located outside the T-DNA (in the vector backbone) to be co-transformed with genes of interest located inside the T-DNA. When T-DNA and T-DNA plus backbone fragments integrate at different loci, progeny plants free of selectable marker gene (i.e. containing only the gene of interest) can be recovered. In this study, rice calli derived from immature embryos were transformed with Agrobacterium strains harbouring the HPT and GFP marker genes either outside the T-DNA in the vector backbone sequence (i.e. vectors pCLEAN-G131 or -G132 in combination with pSOUP) or within the T-DNA (i.e. pCLEAN-G115 and pSOUP). Transformation of rice calli with HPT and GFP positioned outside the T-DNA resulted in a transformation efficiency of about 50% of that derived from transformation with a construct containing the genes within its T-DNA (pCLEAN-G131/ -G132 vs. pCLEAN-G115, Fig. 4) . As in the transient assays carried out in N. benthamiana and discussed above (Supplemental Fig. S1 ), the use of a consensus or suboptimal LB sequence did not significantly alter (Chi-square test, P<0.05) the delivery and/or integration of vector backbone sequences into the rice plant genome, as the transformation efficiency observed 12 by using pCLEAN-G131 (suboptimal LB) and pCLEAN-G132 (consensus LB) was very similar (Fig. 4) . It is also possible that not only vector backbone transfer (i.e. the failure of Tstrand termination at the LB) resulted in marker gene insertion in our transgenic rice lines, but also, that, the T-strand was initiated at the LB as both LB and RB can initiate and terminate T-strands with a preference for initiation at the RB and termination at the LB 
CONCLUSION
The pCLEAN dual binary vector system enables the efficient delivery of a range of DNA fragments from single to multiple T-DNAs with, or without, vector backbone sequences into the nuclear genome of mono-and dicotyledonous species. It also minimises the delivery of superfluous DNA sequences such as selectable marker genes or unwanted inner T-DNA sequences. Basic pCLEAN vectors are amenable to the insertion of transgenes and can be easily further developed into RNAi and/or Gateway-compatible systems. We believe that the basic set of pCLEAN vectors described here represent a versatile platform that can contribute to the further development of precise and efficient plant transformation technologies.
MATERIAL AND METHODS
Construction of pCLEAN-G and pCLEAN-S vectors
Basic pCLEAN-G vectors with single LB and minimal T-DNA: pCLEAN-G121 and -G126
( Fig. 2A) The large inner T-DNA sequence of pGreenII0000 (GenBank accession number EF590266 for empty vector and EU048862 for large inner T-DNA) was removed using a , 1996) was introduced into the SphIdigested pCLEAN-G90 to produce pCLEAN-G115. The blunted SalI-SpeI fragment of pCLEAN-G90 (i.e. CaMV 35S promoter:mGFP5-ER:SPA terminator) was introduced into the blunted NotI-digested pCLEAN-G126 to give pCLEAN-G152.
Selectable marker and/or reporter gene(s) in vector backbone outside single LB:
pClean-G129, -G130, -G131, -G132, -G144, -G146 and -G147 ( Fig. 2A) pCLEAN-G129 (GenBank accession number bankit1022176) and pCLEAN-G130
(GenBank accession number bankit1022183) were constructed by inserting the blunted SalISpeI fragment of pCLEAN-G90 (i.e. CaMV 35S promoter:mGFP5-ER:SPA terminator) into the SnaBI-digested pCLEAN-G121 and pCLEAN-G126 plasmids, respectively. Inserting the blunted NotI-SalI fragment of pCLEAN-G115 (i.e. CaMV 35S promoter:maize shrunken1-intron1:HPT:NOS terminator) into the SnaBI-digested pCLEAN-G121 and pCLEAN-G126
vectors, respectively, resulted in the constructs pCLEAN-G131 and pCLEAN-G132.
pCLEAN-G144 (GenBank accession number bankit1022151) was assembled by introducing 14 the blunted SalI-SpeI fragment of pCLEAN-G90 (i.e. CaMV 35S promoter:mGFP5-ER:SPA terminator) into the blunted DraIII-digested pGreenII0000. pCLEAN-G146 (GenBank accession number bankit1022137) was cloned by inserting the HpaI-StuI fragment of pGreenII0000 (i.e. empty large inner T-DNA of 728 nt) into the blunted NotI-SalI digested pCLEAN-G130. pCLEAN-G147 (GenBank accession number bankit1022115) resulted from the insertion of the pGreenII0000-derived BglII-fragment (i.e. empty large T-DNA including border repeats of 778 nt) into the blunted BglII-digested pCLEAN-G130.
Marker gene outside single LB along with reporter gene within minimal/large T-DNA:
pClean-G153, -G154, -G155, -G156 and -G184 (Fig. 2B) The blunted SpeI-HindIII fragment (i.e. CaMV 35S promoter:GUS-intron:SPA terminator) of pGVT5 was cloned into the SmaI-cut vectors pCLEAN-G147 (to give pCLEAN-G153), pCLEAN-G146 (to give pCLEAN-G154) and pCLEAN-G144 (to give pCLEAN-G155) as well as the blunted NotI-digested plasmids pCLEAN-G130 (to give pCLEAN-G156) and pCLEAN-G182 (to give pCLEAN-G184).
pCLEAN-S vectors with single LB and minimal T-DNA: pCLEAN-S161, -S166 and -S167
( Fig. 2A and B) To clone pCLEAN-S161 (GenBank accession number bankit1021946), the BglII-fragment of pCLEAN-G126 containing the consensus LB, minimal T-DNA, RB repeat and its overdrive sequence was introduced into the BamHI-digested pSoup vector (GenBank accession number EU048870). The EcoRV-fragment of pSLJ261 enclosing the NOS promoter:HPT:NOS terminator (Jones et al., 1992) was cloned into the blunted PacI-digested pCLEAN-S161 to give pCLEAN-S166. The PstI-fragment of pCLEAN-S48 containing the wild-type virG (Vain et al. 2004 ) was cloned into the PstI-digested pCLEAN-S161 to result in pCLEAN-S167 (GenBank accession number bankit1021958). Fig. 2A) To assemble pCLEAN-G181 (GenBank accession number bankit1021943), several cloning steps were undertaken (i) inserting from pRT172, a pCLEAN-S161 derivative, a Marker gene outside double LB and/or transgene(s) within minimal T-DNA: pClean-G182, -G183 and -G184 ( Fig. 2A and B) pCLEAN-G182 (GenBank accession number bankit1022184) was cloned by inserting the blunted SalI-SpeI fragment of pCLEAN-G90 (i.e. CaMV 35S promoter:mGFP5-ER:SPA terminator) into the SnaBI-digested pCLEAN-G181. To construct pCLEAN-G183, the NotISalI fragment of pCLEAN-G115 (i.e. CaMV 35S promoter:maize shrunken1-intron1:HPT:NOS terminator) was cloned into the NotI-SalI -digested pCLEAN-G181.
Basic pCLEAN-G vectors with double LB: pCLEAN-G181 and -G185 (
All cloning steps and PCR fragments were verified by sequencing using the BigDye Terminator Version 3.1 kit (Applera UK). The full-length sequences of vectors pCLEAN-G121, -G126, -G129, -G130, -G144, -G146, -G147, -G181, -G182, -G185 and pCLEAN-S161, -S167 are available in GenBank (see Fig.1 for some examples) and further information about the pCLEAN vector system is available at http://www.jic.ac.uk/staff/philippevain/vectors.htm. Upon request, all novel materials described in this publication will be made available in a timely manner for non-commercial research purposes, subject to the requisite permission from any third-party owners of all or parts of the material. Obtaining any permissions will be the responsibility of the requestor. in LB media supplemented with 50 mg/l kanamycin or a mixture of 50 mg/l kanamycin and 7.5 mg/l tetracycline.
Maintenance of pCLEAN-G and pCLEAN-S vectors in
Agrobacterium-mediated transformation of rice
Embryogenic calli derived from mature seeds of rice (Oryza sativa L.) variety Nipponbare were used for transformation as previously described (Vain et al., 2003 containing transgenes within the T-DNA) using Chi-square analysis. Fig. S1 ). The infiltrated leaves were analyzed for GFP fluorescence and/or GUS activity 2.5 days post infiltration. At least two independent experiments were conducted to assess each pCLEAN vector.
Agrobacterium-mediated
GFP and GUS expression analyses
The GFP fluorescence was monitored in cells and tissues using a MZ12 Leica dissecting microscope with a fluorescent module (Leica #10446093, Wetzla, Germany). The appropriate wavelength was adjusted by using a filter block containing a 425/60nm excitation filter, a 470-nm dichromatic beam splitter and a G6457 emission barrier filter, over a highvoltage mercury lamp. The level of GFP expression in infiltrated leaf tissues was scored 17 visually on a scale of 0 to 4 (i.e. 0=no expression; 1=low GFP expression; 2=medium GFP expression; 3=high GFP expression; and 4=very high GFP expression). For each construct/strain tested an average GFP expression level (± Standard Error) was calculated across all leaves observed. Statistical analyses, following the requirements of each test, were performed using Minitab 3.1 software package. GFP expression levels were compared using the Kruskal-Wallis test. The histochemical GUS assays were conducted according to Jefferson et al. (1987) by using 5-bromo-4-chloro-3-indoyl glucuronide (Melford Laboratories
Ltd., UK) as substrate. 
